The application of back pressure using inert gases, such as helium, neon and argon, significantly influences the dehydrogenation reaction kinetics of the LiBH 4 -YH 3 composite, even though the inert gases do not participate in the dehydrogenation reaction. While an increase in back pressure generally promotes the reaction kinetics, the ability to promote dehydrogenation reaction kinetics differs for different the gas species. The atomic weight of the inert gas appears to play an important role in determining the ability to promote dehydrogenation reaction kinetics. With increasing atomic weight of the inert gas, the reaction tends to occur at lower pressures with a shorter incubation period.
INTRODUCTION
Lithium borohydride (LiBH 4 has been regarded as a promising solid-state hydrogen storage material due to its high hydrogen capacity. 1 However, its impractical hydrogen sorption conditions, such as the high dehydrogenation temperature and poor reversibility, led to the development of the concept of a reactive hydride composite, in which LiBH 4 reacts with a metal hydride and forms lithium hydride (LiH) and metal boride during the dehydrogenation reaction. [2] [3] [4] [5] A number of LiBH 4 -based reactive hydride composites have been proposed, and some of these have shown improved hydrogen sorption properties compared with pure LiBH 4 . [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] The LiBH 4 -YH 3 composite is a typical example of reactive hydride composites. 20 21 The theoretical hydrogen capacity of the composite is 8.5 wt% according to the reaction given by: 4LiBH 4 + YH 3 ↔ 4LiH + YB 4 + 7 5H 2 (1) This composite exhibited a significant dependence of the dehydrogenation reaction path on the atmosphere; the composite released approximately 7 wt% hydrogen according to reaction (1) at 350 C under hydrogen back pressures higher than 0.1 MPa and exhibited a reversibility * Author to whom correspondence should be addressed.
of 70% for reaction (1) after rehydrogenation at the same temperature under 8 MPa of hydrogen, whereas the partial decomposition of LiBH 4 released only 2 wt% hydrogen under vacuum. 20 22 Moreover, the increase in hydrogen back pressure up to 0.4 MPa was reported to unexpectedly promote dehydrogenation reaction kinetics. 22 Similar to the case of hydrogen, argon back pressure was found to have almost the same influence on the dehydrogenation reaction of the composite. It was found that hydrogen and argon back pressure effectively suppresses the formation of by-product Li 2 B 12 H 12 during the dehydrogenation, which is believed to hinder the progress of reaction (1 
EXPERIMENTAL DETAILS
LiBH 4 with 95% purity purchased from Acros was used without any purification. YH 3 was synthesized by the hydrogenation of yttrium powder (Acros, 99.9%, −40 mesh) at 350 C under 9 MPa of hydrogen (99.9999%) for 2 hours. The phase composition of the synthesized YH 3 powder was reported in our previous paper. 22 A total of 3 g of the LiBH 4 -YH 3 composite with a molar ratio of 4:1 was prepared using a planetary ball mill (Retsch PM200) sealed with a lid with a Viton O-ring at 650 rpm for 12 hours. Thirteen 12.7 mm diameter and twenty-four 7.9 mm diameter Cr-steel balls were employed together with a 140 ml hardened steel bowl. The ball-topowder weight ratio was approximately 50:1.
A total of 0.3 g of the composite was dehydrogenated at 350 C (heating rate = 30 C/min) in a 110 ml reactor under helium (99.9999%), neon (99.999%) and argon (99.9999%) atmospheres with various back pressures of 0.1-1 MPa using a Sievert-type volumetric apparatus, with the pressure monitored during the dehydrogenation.
X-ray diffraction (XRD) measurements of the ball milled and dehydrogenated samples were performed using a Bruker D8 Advance X-ray diffractometer with Cu K radiation. To prevent air exposure of the samples, borosilicate capillary tubes were used during the XRD measurements. For the detection of the amorphous phase, Raman spectroscopy was adopted using a Renishaw inViaRaman microscope with a 532 nm YAG laser. To avoid air exposure, alumina holders covered with cover glass were employed in the measurement.
All samples were handled inside an argon-filled glovebox (mBraun, UniLab), with oxygen and water vapor levels maintained below 1 ppm.
RESULTS AND DISCUSSION
The dehydrogenation profile of the LiBH 4 -YH 3 composite under various helium back pressures between 0.2 and 0.6 MPa is shown in Figure 1 . For pressures up to 0.4 MPa, the composites exhibited similar profiles, slowly releasing only approximately 2 wt% hydrogen for 24 hours. On the other hand, the reaction kinetics were drastically accelerated after an incubation period at 0.5 and 0.6 MPa and the composite eventually released more than 6 wt% hydrogen. Moreover, the increase in back pressure from 0.5 to 0.6 MPa reduced the incubation period slightly from approximately 11 to approximately 9 hours. These results indicate that similar to the cases of hydrogen and argon reported in our previous study, the increase in helium back pressure also significantly promotes the dehydrogenation reaction kinetics of the LiBH 4 -YH 3 composite. 22 23 However, the minimum pressure of helium that drastically [22] . Figure 2 presents the dehydrogenation profile of the LiBH 4 -YH 3 composite under various neon back pressures between 0.2 and 0.5 MPa. The neon back pressure had an influence on the dehydrogenation reaction of the composite similar to that found for helium in that the increased pressure promoted the dehydrogenation kinetics by reducing the incubation period. However, the minimum pressure of neon that drastically accelerates the reaction is 0.4 MPa, lower than that of helium and higher than that of argon. Moreover, the profile under 0.3 MPa exhibited an indication of reaction acceleration at approximately 23 hours, Figure 3 . Examination of Figures 3(a-c) , corresponding to only partial decomposition, shows that the phases of the reactants LiBH 4 and YH 3 are mainly present with the YH 2 phase, indicating that the expected reaction (1) did not proceed yet. On the other hand, the presence of the YB 4 and LiH phases, which are expected to be produced by reaction (1), is clearly verified in Figures 3(d-f) . This result shows that a pressure of 0.1 MPa of argon, 22 0.4 MPa of neon and 0.5 MPa of helium is essential to enhance the dehydrogenation kinetics of the LiBH 4 -YH 3 composite for the promotion of drastic hydrogen desorption within 24 hours. Moreover, the dehydrogenation pathway is practically the same regardless of the inert gas species, even though the values of the minimum pressure for promoting the drastic dehydrogenation acceleration are different.
It is surprising that the helium, neon and argon back pressures improve the dehydrogenation reaction kinetics of the LiBH 4 -YH 3 composite in different ways. Considering that the dehydrogenation pathway is almost the same regardless of the use of helium, neon or argon, the inert gas pressure enhances the dehydrogenation kinetics by shortening the incubation period. When 0.3 MPa of back pressure is applied, the incubation periods are greater than 24 hours, 23 hours and 7 hours under the helium, neon and argon back pressures, respectively. That is, argon is a more effective gas for improving the hydrogen desorption of the LiBH 4 -YH 3 composite than helium and neon. Moreover, the incubation period under the pressure condition that induces only 2 wt% partial dehydrogenation appears to be longer than 24 hours and is still in progress. In our previous study, it was suggested that the argon back pressure influences the formation of Li 2 B 12 H 12 by dynamically hindering the release of B 2 H 6 gas and lessening the formation of Li 2 B 12 H 12 directly and significantly shortens the incubation period. 22 23 It is possible that the dependence of the incubation period on the inert gas species is also associated with the amount of Li 2 B 12 H 12 formed in the dehydrogenation reaction. Accordingly, Raman analysis was performed to verify the correlation between the amount of the Li 2 B 12 H 12 formation and the inert gas species, and the result is shown in Figure 4 . As a result, the Li 2 B 12 H 12 peak in the composite dehydrogenated under the helium and neon back pressures is clearly detected at approximately 2500 cm −1 , whereas only a fine hump is detected in the case of the argon back pressure. Considering the microstructural argon gas back pressure effect suggested in the previous study, 22 23 these results indicate that the efficiency of the inert gas in suppressing the release of B 2 H 6 gas and the subsequent formation of Li 2 B 12 H 12 varies with the inert gas species. Li 2 B 12 H 12 has been investigated as the intermediate phase that hinders the overall dehydrogenation of a reactive hydride composite. To the best of our knowledge, this work is the first to report that the inert gas species influences the formation of an intermediate phase of LiBH 4 in the LiBH 4 -YH 3 composite, even though the effect is not proved in all of the reactive hydride composites. Due to its high stability, the formation of Li 2 B 12 H 12 during the dehydrogenation reaction in a LiBH 4 -based reactive hydride composite is known to be disruptive to the chemical reaction between the LiBH 4 and the YH 3 phase. 25 It is a very interesting phenomenon that the argon back pressure is more effective in suppressing the Li 2 B 12 H 12 formation than the helium or neon back pressure. Considering the trend of the minimum pressure value for releasing 6 wt% of hydrogen and the length of the incubation period under each back pressure, it appears that the gas molecular weight influences the enhancement of the dehydrogenation kinetics of the LiBH 4 -YH 3 composite. Because the molecular kinetic energy of every gas is equal at constant temperature, the inert gas pressure effect is dependent on the momentum transfer by the gas molecular vibration. Table I shows the theoretical momentum values for helium, neon and argon gases at 350 C. Moreover, Stickney has experimentally verified that the efficiency of the normal directional momentum transfer from the gas molecular vibration to the metallic surface is increased for gases with a higher atomic number. 26 On a smooth tungsten surface, the relative accommodation coefficients of the helium and neon gas molecules were 0.6 and 0.75, respectively, when the efficiency of argon was assumed to be 1. When the target metal surface was aluminum, the efficiency was also positively dependent on the gas atomic number. (He:Ne:Ar = 0.65:0.85:1)
In our previous studies, it was suggested that the shortened incubation period found for the increased argon pressure is associated with the reduction of Li 2 B 12 H 12 that may form on the surface of the YH 3 phase and thereby may disrupt the reaction between YH 3 and the liquid LiBH 4 phase. 22 23 27 It appears that the momentum dynamically suppresses the release of diborane gas (B 2 H 6 and subsequently hinders the formation of the Li 2 B 12 H 12 phase, as suggested in the previous investigation. To suppress the release of B 2 H 6 gas, an argon gas pressure higher than 0.2 MPa is required. However, the efficiencies of momentum transfer from the helium and neon gases are lower than that from the argon gas, the transferred momentum is not sufficient, and thereby, a higher pressure is required, determined by the accommodation coefficient of the gas molecule. In the case of hydrogen back pressure, 0.1 MPa of hydrogen is sufficient to hinder the formation of the Li 2 B 12 H 12 phase, even though the molecular weight is similar to that of helium. However, the hydrogen back pressure is associated with the equilibrium pressure of the hydrogen sorption reaction and thereby prevents the independent dehydrogenation of LiBH 4 under 0.1 MPa.
CONCLUSION
In summary, argon, helium and neon back pressures enhance the overall dehydrogenation reaction of the LiBH 4 -YH 3 composite. To archive hydrogen desorption greater than 6 wt% within 24 hours, 0.2 MPa of argon is sufficient, which is lower than the corresponding pressure values for helium (0.5 MPa) and neon (0.4 MPa). Moreover, when 0.3 MPa of each gas is applied, the incubation periods are 6 hours, 23 hours and greater than 24 hours under the argon, neon and helium back pressures, respectively. The efficiency of the inert gas pressure effect is associated with the molecular weight of the inert gas. The increase of the molecular weight results in the higher momentum value and a higher momentum transfer efficiency, which dynamically suppresses the release of B 2 
